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We report magnetic dipole field investigation at the atomic scale in a single crystal of quasi-one-
dimensional (Q1D) paramagnetic conductor Li0.9Mo6O17, using a paramagnetic electron model and
7Li-NMR spectroscopy measurements with an externally applied magnetic field B0 = 9 T. We find
that the magnetic dipole field component (Bdip
||
) parallel to B0 at the Li site from the Mo electrons
has no lattice axial symmetry; it is small around the middle between the lattice c and a axes in the
ac-plane with the minimum at the field orientation angle θ = +52.5◦, while the Bdip|| maximum is at
θ = +142.5◦ when B0 is applied perpendicular to b (B0 ⊥ b), where θ = 0
◦ represents the direction
of B0 ‖ c. Further estimate indicates that B
dip
||
has a maximum value of 0.35 G at B0 = 9 T, and the
Mo ions have a possible effective magnetic dipole moment 0.015 µB per ion, which is significantly
smaller than that of a spin 1/2 free electron. By minimizing potential magnetic contributions to the
NMR spectra satellites with the NMR spectroscopy measurements at the direction where the value
of the magnetic dipole field is the smallest, the behavior of the independent charge contributions
is observed. This work demonstrates that the magnetic dipole field from the Mo electrons is the
dominant source of the local magnetic fields at the Li site, and it suggests that the mysterious “metal-
insulator” crossover at low temperatures is not a charge effect. The work also reveals valuable local
field information for further NMR investigation which is suggested recently [Phys. Rev. B 85,
235128 (2012)] to be key important to the understanding of many mysterious properties of this Q1D
material of particular interest.
PACS numbers: 75.30.Cr, 75.20.-g, 75.20.En, 76.60.-k
I. INTRODUCTION
The quasi-one-dimensional (Q1D) paramagnetic con-
ductor, Li0.9Mo6O17, has been of particular interest be-
cause of its unusual properties. It is thought to exhibit
transport properties associated with a Luttinger liquid1–3
at high temperatures, and otherwise many of its proper-
ties have long been mysterious4–8. Among these is an
unusual increase (an upturn) in resistivity4,9,10, which
shows a “metal-insulator” crossover at low temperatures
(the crossover temperature TMI = 24 K), for which a ro-
bust explanation remains elusive, while four completely
different mechanisms were theoretically proposed11,12:
charge-density wave (CDW), spin-density wave (SDW),
localization, and Luttinger liquid. It is also a supercon-
ductor (“insulator”-superconductor transition tempera-
ture Tc = 2.2 K), which is most recently
6,10 found to
be three-dimensional (3D). Thus it involves an electron
dimensional crossover,13,14 and may also involve spin
triplet Cooper pairs6,15, with a triplet superconducting
state as one of its potential electron ground states.
Li0.9Mo6O17 has also been a subject of intensive ex-
perimental studies over the last three decades4,5. Many
different types of experiments has been performed: x-
ray diffraction16, neutron scattering13, dc magnetic
susceptibility17–19, resistivity10,17,20,21, heat capacity22,
thermal expansion14, thermal conductivity8,23, Nernst
signal24, optical conductivity17, muons spectroscopy25,
scanning tunneling microscope (STM)3, and angle re-
solved photo-emission (ARPES)26. But it faces tremen-
dous challenges over these experiments for the physics
understanding. For example, for the “metal-insulator”
crossover at 24 K, x-ray diffraction and neutron scatter-
ing show no evidence of structure phase transition13,16,
dc susceptibility shows no signs of Curie-Weiss deviation
in the electron magnetization17–19, and heat capacity in-
dicates negligible associated heat anomaly22.
Because of these challenges and the limitations in
many of these experimental techniques, other capable
experimental techniques are highly valuable. For exam-
ple, most recent theoretical studies in Li0.9Mo6O17 have
strongly suggested7,27 the significance of charge and spin
fluctuations & correlation which are related to the local
electric and magnetic fields arising from the Mo electrons
and could be measured at the Mo or nearby atom site
like the Li. However, none of above experimental tech-
niques were able to probe them directly at the atomic
scale. On the other hand, in terms of a Luttinger liq-
uid (if this is the case), long-range Coulomb interactions
among the conduction electrons are expected1,2,7 to be
stronger than those in a traditional Fermi liquid. The
interaction could induce electron polarizations and thus
have a direct impact on the local electric and magnetic
fields. Therefore, it is important to investigate the local
electric and magnetic field from the Mo electrons. More-
over, the field reveals the sources of the charge and spin
dynamics28,29 of the Mo electrons at the atomic scale.
Nuclear magnetic resonance (NMR) is a well-known
versatile local probe capable of directly measuring the
local electric and magnetic field including the electron
charge and spin dynamics at the atomic scale28,29.
In this paper, we report local electric and magnetic
field investigation, using a theoretical paramagnetic elec-
tron model and 7Li-NMR spectroscopy measurements on
a single crystal of Li0.9Mo6O17, with an externally ap-
plied magnetic field B0 = 9 T. Since we expect the mag-
netic dipole field from the paramagnetic Mo electrons to
be one of the major local field sources (at least one of
them) at the Li site according to the NMR theory28,29,
the magnetic dipole field is the focus in this investigation.
In fact, magnetic dipole field that originated from the
magnetic dipole moments of the electron spins, includ-
ing the unpaired spins of the paramagnetic conduction
electrons, are of particular interest in various aspects of
NMR, including NMR spectroscopy, Knight shift, spin-
lattice relaxation, and spin-echo decay, especially when
the dipolar hyperfine couplings to the electron spins are
significant, or when the time scale of their fluctuations
matches that of the dynamics for the spin-lattice relax-
ation or spin-echo decay rates in the materials28–30. For
example, a NMR spectrum could be inhomogeneously
broadened and a Knight shift could have a significant
value, due to the contribution of the magnetic dipole
fields from the electron spins28–31. Similar effect could
also be generated by other local field sources at a nucleus
when they are not negligible32–34. Unlike other local field
sources, magnetic dipole field is always associated with
the size & orientation of the magnetic dipole moments,
and depends on the dipolar hyperfine coupling between
the nucleus and the electron spins at the atomic scale,
which can be estimated from the structure of the crys-
tal lattice theoretically and can also be measured by the
NMR techniques experimentally.
Our main results are that the magnetic dipole field
component (Bdip|| ) parallel to B0 from the Mo electrons
at the Li site is found to have no lattice axial symme-
try; it is small around the middle between the lattice c
and a axes in the ac-plane, ∼ 7.5◦ closer to the a-axis
for the central minimum which is at θ = +52.5◦, and the
maximum is at θ = +142.5◦ when B0 is applied perpen-
dicular to b (B0 ⊥ b) (note, θ is one of the orientation
angles of B0, and θ = 0
◦ represents the direction of B0
‖ c). Our further estimate indicates that the maximum
value of Bdip|| at the Li site is ∼ 0.35 G when B0 = 9 T
⊥ b, and the Mo ions have a possible effective magnetic
dipole moment (µeff) of 0.015 µB, which is significantly
smaller than that of a spin S = 1/2 free electron. By
separating the charge contribution from a mixture of ma-
jor magnetic contributions to the NMR spectra satellites
with the NMR spectroscopy measurements at the direc-
tion where the value of the magnetic dipole field is the
smallest (i.e., the magnetic contribution is minimized),
the behavior of the independent charge contributions is
observed.
This work demonstrates that the magnetic dipole field
from the Mo electrons is the dominant source of the local
magnetic fields at the Li site, and suggests that the mys-
terious “metal-insulator” crossover at low temperatures
is not a charge effect. The work also reveals valuable local
electric and magnetic field information for further NMR
investigation which is strongly suggested27 recently to be
key important to the understanding of many mysterious
properties4,15,17 of this Q1D material.
The rest of the paper is organized as follows. First,
Section II presents the calculation of the magnetic dipole
field at the atomic scale in paramagnetic electron sys-
tems, which is described in a general form so that the
method can be used for applications in other electron
systems, and the field in the Q1D paramagnetic con-
ductor Li0.9Mo6O17 is calculated when a single crystal
sample is exposed to an externally applied magnetic field
B0. Second, Section III has the experimental result of the
7Li-NMR spectra corresponding to the result of the theo-
retical calculations obtained in Section II. Third, Section
IV presents discussions regarding the electron model used
in the study and related physics quantities. Finally, the
conclusions are stated in Section V.
II. CALCULATION OF THE MAGNETIC
DIPOLE FIELD AT THE ATOMIC SCALE
As illustrated in Fig. 1 (a), a magnetic dipole moment
~µj from the electrons of an atom at the site M (elec-
tron moment site j) in the crystal lattice can produce a
magnetic dipole field ( ~Bij) at a nearby atom site P (field
observation site i). The value of ~Bij is given by
35
~Bij =
µ0
4π
[
3 ~rij(~µj · ~rij)
r 5ij
− ~µj
r 3ij
]
, (1)
where ~rij is the displacement vector from j to i (M →
P), and µ0 is the permeability constant.
The total dipolar field ( ~B) at the observation site P is
the summation of the field from the moments at all the
moment sites j,
~B ≡ < ~Bi > =
∑
j
< ~Bij >, (2)
=
µ0
4π
∑
j
<
[
3 ~rij(~µj · ~rij)
r 5ij
− ~µj
r 3ij
]
>, (3)
=
µ0
4π
∑
j
[
3 ~rij(< ~µj > ·~rij)
r 5ij
− < ~µj >
r 3ij
]
. (4)
The magnetization ~M due to the electron moments is
~M =
∑
j
< ~µj > /V, (5)
where V is the sample volume.
For paramagnetic electrons, ~M essentially has a very
accurate linear dependence36 on the externally applied
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FIG. 1: (color online) (a) Cartesian coordinate system, where
an electron magnetic dipole moment ~µj is at the atom site
M near the field observation site P in the crystal lattice. (b)
The orientation of the externally applied magnetic field, ~B0.
magnetic field ~B0, i.e.,
~M = χ ~H0, and ~H0 = ~B0/µ0, (6)
where ~H0 is the intensity of the applied magnetic
field, and χ is the sample paramagnetic susceptibility
(isotropic), which can be a T−dependent variable [the
deviation from their linear relation in Eq. (6) is in the
order of ∼ χ2 ~H0, which is negligible as χ < ∼ 10−3
(cm3/mol.ion) for most known materials]. If magnetic
anisotropy is considered, then Mi′ = χi′j′H0j′ , where
χi′j′ is the tensor element of the susceptibility (χi′j′ =
∂Mi′/∂H0j′) and i
′, j′ = x, y, z.
Thus considering Eqs. (1)-(6), we have
~B =
µ0
4π
χV
+N∑
j=−N
[
3~rij( ~B0 · ~rij)
r 5ij
−
~B0
r 3ij
]
, (7)
where N in the index j is the number of sites for the
electron moments. Equation (7) gives the x, y and z
dipolar field components at the observation site i as
Bx =
µ0
4π
χV
+N∑
j=−N
[
3xij(B0xxij +B0yyij +B0zzij)
r 5ij
− B0x
r 3ij
]
, (8)
By =
µ0
4π
χV
+N∑
j=−N
[
3yij(B0xxij +B0yyij +B0zzij)
r 5ij
− B0y
r 3ij
]
, (9)
Bz =
µ0
4π
χV
+N∑
j=−N
[
3zij(B0xxij +B0yyij +B0zzij)
r 5ij
− B0z
r 3ij
]
. (10)
Figure 1 (b) shows the orientation of the applied mag-
netic field ~B0, which can be expressed as ~B0 = B0x iˆ +
B0y jˆ + B0z kˆ = B0(sin θ cosφ iˆ + sin θ sinφ jˆ + cos θ kˆ),
where θ and φ are the standard spherical angles in the
Cartesian system.37
Thus the dipolar field components Bx, By, and Bz
along the x, y, and z directions, respectively, can be cal-
culated with Eqs. (8)-(10) by considering the coordinates
of all the electron moment sites (atom sites M) that are
included (as many as possible).
When the values of ~B obeys | ~B| << B0, the contribu-
tion of ~B to an NMR spectrum and Knight shift comes
only from the component of ~B ‖ ~B0 (Bdip|| ), which is also
the case in our experimental observations with an applied
magnetic B0 = 9 T.
The calculation using Eqs. (8)-(10) requires Cartesian
coordinates, thus for coordinates given in the lattice abc-
system a transform matrix (Mtran) is needed. This can
be done by a fixed set-up of the Cartesian x, y, and z
axes versus the a, b, and c axes of the crystal lattice in
the lattice coordinate system that can always be made,
where xz-plane is chosen to be placed in the ac-plane
and the z-axis is along the c-axis, as illustrated in Fig.
2, from which we have
~ea = (sinβ, 0, cosβ), (11)
~eb = (sinϕsinδ, cosϕ, sinϕcosδ), (12)
~ec = (0, 0, 1), (13)
where ~ea, ~eb, and ~ec are the Cartesian expression for the
unit vectors of the a, b, and c axes of the crystal lattice
in the lattice coordinate system, respectively, and
~ea · ~eb = cosγ, and ~eb · ~ec = cosα. (14)
This gives
sinϕsinδ =
cosγ − cosαcosβ
sinβ
, (15)
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FIG. 2: (color online) A fixed set-up of the Cartesian x, y, and
z axes relative to the a, b, and c axes of the crystal lattice in
the lattice coordinate system that can always be made, where
the xz-plane is in the ac-plane and the z-axis is along the
c-axis.
sinϕcosδ = cosα, (16)
cosϕ =
√
sin2α−
(cosγ − cosαcosβ
sinβ
)2
. (17)
By considering Eqs. (11) - (17), we have

 ~ea~eb
~ec

 =


sinβ 0 cosβ
cosγ−cosαcosβ
sinβ
√
sin2α−
(
cosγ−cosαcosβ
sinβ
)2
cosα
0 0 1



 ~ex~ey
~ez

 , (18)
or
(
x, y, z
) ~ex~ey
~ez

 =


sinβ cosγ−cosαcosβ
sinβ
0
0
√
sin2α−
(
cosγ−cosαcosβ
sinβ
)2
0
cosβ cosα 1

( x′a, y′b, z′c )

 ~ea~eb
~ec

 , (19)
where α, β, and γ are the lattice constants (including
the values of a, b and c), x′a, y
′
b, and z
′
c are the atom
coordinates in the lattice abc-coordinate system, and ~ex,
~ey, and ~ez are the unit vectors of the Cartesian x, y, and
z axes, respectively. Thus with Eq. (18) or (19) the co-
ordinates between the lattice and Cartesian coordinates
systems are easily transformable.
In the following, the dipolar field in the Q1D param-
agnetic conductor Li0.9Mo6O17 is calculated.
The crystal lattice13,16 of Li0.9Mo6O17 has a mon-
oclinic space group P21/m, which has four equivalent
sites in total for each site due to the symmetry of
its 2-fold screw axis (b is the default axis for the
rotation). The space group also has an existence of
a mirror plane, which is ⊥ b. The four equivalent sites are
(x′, y′, z′)
(−x′, 1/2 + y′, −z′)
(−x′, −y′, −z′)
(x′, 1/2− y′, z′),
i.e., each of which has the rest of three other equivalent
sites to it. Here x′, y′, and z′ are the fractional coordi-
nates in the lattice abc-system, and their relation with
x′a, y
′
b, and z
′
c in Eq. (19) is, x
′
a = ax
′, y′b = by
′, and z′c
= cz′, respectively.
Figure 3 shows the crystal structure13,38 of
Li0.9Mo6O17. In each unit cell, there are six inde-
pendent Mo sites, Mo1, Mo2, ..., Mo6, where the
paramagnetic conduction electrons (with magnetic
4
TABLE I: The fractional coordinates for the positions of the independent Mo and Li sites in the unit cell with the lattice
constants in the lattice coordinate system (value at 300 K). [Ref. 16]
atom sites x′ y′ z′
Mo(1) -0.00613 0.25 0.23356
Mo(2) 0.14436 0.75 0.41840
Mo(3) 0.31105 0.25 0.56755
Mo(4) 0.16635 0.25 -0.07938
Mo(5) 0.31980 0.75 0.09404
Mo(6) 0.49299 0.25 0.19604
Li 0.40240 0.75 0.40904
a = 12.762 (A˚)
b = 5.523 (A˚)
c = 9.499 (A˚) space group P21/m (monoclinic)
α = 90◦
β = 90.61◦ unit cell volume v = 669.5 (A˚)3
γ = 90◦
OMO1 MO1
MO4
MO4
MO2
MO2
MO3MO5
MO6
MO5
MO3
MO4
MO6
MO5
MO4
MO5
MO2
MO1 MO1
MO2
MO4
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Li
Li
Li
c
b
a
FIG. 3: (color online) The crystal structure of Li0.9Mo6O17
obtained from the neutron scattering data.13,38 All the Mo
(blue color) and Li (red color) atoms in a unit cell are la-
beled, while the unlabeled ones (grey color) are the O (oxy-
gen) atoms. The lattice a, b and c axes are specified with the
lines in pink color.
dipole moments) are from, while the number of indepen-
dent sites for the Li (field observation site here) is only
one. However, each site of them has three other sites,
all of which are structurally equivalent to each other, as
described above. Thus, in total there are 24 (6 × 4) Mo
sites and 4 Li sites (again, all the Li sites are equivalent
in the crystal structure) in each unit cell. Apparently,
all the 24 Mo sites (each has a magnetic dipole moment)
contribute to the dipolar fields at the Li sites, while
the fields at the Li sites are the same. Even so, there
will still be a large number of terms in the dipolar field
calculations.
Table I shows the fractional coordinates x′, y′, and
z′ for the positions of the independent Mo and Li sites
in a unit cell (with the lattice constants) in the lattice
coordinate system that are needed for the calculations.
With the matrix transform using Eq. (19), these frac-
tional coordinates x′, y′, and z′ in a unit cell (for conve-
nience, let’s number it asN ′ = 0) can be transformed into
the Cartesian coordinates correspondingly. The same
way needs to be applied to each neighboring unit cell
(N ′ = ±1, ±2, ±3, ...) along ± ~ex, ± ~ey and ± ~ez, cor-
respondingly, with the values of x, y, and z to be used in
Eqs. (8) - (10).
Figure 4 exhibits the calculated result of the magnetic
dipole field components at the Li site due to the param-
agnetic Mo electron moments in Li0.9Mo6O17, plotted as
Hx/M , Hy/M , and Hz/M versus θ and φ (in arbitrary
unit which leaves out the constant µ0/4π in front) along
the x, y, and z directions, respectively, where M is the
magnitude of the magnetization, and Hx, Hy, andHz are
the x, y, and z components of the calculated magnetic
dipole field intensity, respectively [Eqs. (6) - (10)].
The calculation involves N ′ = 10, i.e., (2N ′ + 1) = 21
unit cells along each axial (x, y and z) direction (within
a radius of ∼ 130 A˚). We also checked some calculations
with N ′ = 50 and 100, and the results are essentially
the same. Noticeably, the values of Hx/M , Hy/M , and
Hz/M are completely determined by the lattice struc-
ture and the direction of B0, while independent of the
magnetic susceptibility χ and the magnitude of B0.
As we can see from Fig. 4, each component including
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FIG. 4: (color online) Calculated magnetic dipole field com-
ponents at the Li site in Li0.9Mo6O17, as a function of the ~B0
orientation angles θ and φ in space, plotted as: (a) Hx/M ,
(b) Hy/M , and (c) Hz/M versus θ and φ along the x, y and
z axes, respectively. Here M is the magnitude of the magne-
tization due to the electron paramagnetic moment.
its minimum and maximum values has a rather strong
angular dependence (i.e., the direction of ~B0). For ex-
ample, for B0 ⊥ b (i.e., φ = 0◦), the minimum for Hx,
Hy, and Hz is at θ = +340
◦, +30◦, and +130◦ (angle
θmin), respectively, while the corresponding maximum is
at θ = +160◦, +210◦, and +310◦ (angle θmax), respec-
tively. Thus, the angle difference between the maximum
and minimum for each component always has θ = |±
180◦| (for φ = 0◦). Moreover, we also have the absolute
values for the minimum and maximum for each compo-
(a)
-0.15
-0.05
0.05
0.15
0.25
H / M 
(arb. unit)
Li
0.9
Mo
6
O
17
0.24
0.20
0.16
0.12
0.08
0.06
θ   (deg)
0
50
100
150
200
250
300
350
300
250
200
150
100
50
φ   (deg)
0
350
Li
0.9
Mo
6
O
17
-0.15
-0.05
0.05
0.15
0.25H|| / M 
(b)
(arb. unit)
-0.15
-0.05
0.05
0.25
0.15
-0.25
-0.15
-0.05
0.05
0.25
0.15
-0.25
FIG. 5: (color online) Calculated (a) magnetic dipole field
magnitude and (b) magnetic dipole field component parallel
to ~B0 at the Li site in Li0.9Mo6O17, as a function of (θ, φ) for
the direction of ~B0 in space, plotted as H/M , and (b) H‖/M ,
respectively.
nent to be the same, i.e., |min(Hk)|= − |max(Hk)| (here
k = x, y, and z), and the minimum (maximum) for Hy
is the lowest among them (i.e., Hy << Hx and Hy <<
Hz) when φ = 0
◦. These are understandable because the
paramagnetic electron moment tends to align along B0,
and B0 is perpendicular to the y (b) axis (Hy compo-
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FIG. 6: (color online) Calculated magnetic dipole field magni-
tude (H/M) (red dots/curve) and magnetic dipole field com-
ponent parallel to ~B0 (H‖/M) (blue dots/curve) at the Li site
in Li0.9Mo6O17, as a function of angle θ for the direction of
~B0 when φ = 0 (B0 ⊥ b). The thin solid lines are labeled with
arrows for the positions of the lattice a and c axes, and the
thin dashed line (black color) at the angle θ = − 20◦ indicates
an angle that some of our experimental observations are at.
The rest of the thick dashed lines indicate the angles at which
the values of H/M and H‖/M in minimum and maximum are.
nent), i.e. B0 is in the xz-plane which has the Hx and
Hz components, when φ = 0
◦.
On the other hand, that we have |min(Hk)| = −
|max(Hk)| here instead of |min(Hk)| = − |max(Hk)|/2
or |min(Hk)| = − 2 |max(Hk)| indicates that there is
no axial symmetry for the magnetic dipole field com-
ponents from the Mo-electrons observing at the Li site
in Li0.9Mo6O17, as an axial symmetry would expect a ±
(3cos2θ − 1) relation for a dipolar field as a function of θ,
which also requires the minimum of Hk to be at + 54.7
◦
(± 180◦), an angle called the “magic angle” (θmagic),29,35
i.e., θmin = θmagic ≡ + 54.7◦ ± 180◦, corresponding to
the angle θ that satisfies 3cos2θ − 1 = 0.
Figure 5 shows the result of the calculated magnetic
dipole field component parallel to the externally applied
magnetic field B0 [Fig. 5(b)], as compared with the mag-
nitude of the magnetic dipole field [Fig. 5(a)] at the
Li site, due to the paramagnetic Mo electron moments
in Li0.9Mo6O17. They are obtained based on the result
shown in Fig. 4, plotted asH‖/M and H/M versus θ and
φ, respectively, with mathematical expressions for them
as, H‖ = ~H · ~B0 = Hxsinθcosφ + Hysinθsinφ + Hzcosφ,
and H =
√
H2x +H
2
y +H
2
z .
Figure 5 indicates that H‖ and H have similar strong
angular dependence with (θ, φ) to the axial dipolar field
components Hx, Hy and Hz , while their periods with
both of the θ and φ dependence are essentially half of
those for the axial dipolar field components, as we would
expect since the values of the Hy component here are
generally a lot smaller than other components [Fig. (4)]
as a major factor here.
One aspect for the importance of the H‖ component
is that H‖ is the only component (i.e., B
dip
|| ) in terms
of the magnetic dipole field ~H that contributes to the
Knight shift of a NMR spectrum, as mentioned earlier
using Bdip|| (
~B ‖ ~B0), where B = µ0H (Bdip|| = µ0H‖),
under the high field limit (B << B0).
Figure 6 shows the detailed values of H‖ and H for
φ = 0 (B ⊥ b) as a function of θ, which is exactly
the case when the sample is set to rotate around the
b-axis in the applied magnetic field B0 as we had in our
NMR experiments,39 while during the sample rotation
~B0 is kept in the xz-plane (also the ac-plane here for
Li0.9Mo6O17).
Interestingly, Fig. 6 indicates that 1) H‖ has the same
maximum value as H [i.e., max(H‖/M) = max(H/M)=
∼ +0.24 (arb.unit)], whereas their minimum values are
very different, 2) the angles for their values in maximum
are the same and the angles for their values in minimum
are also the same. Their maximum and minimum values
are at θ = ∼+ 142.5◦ ± 180◦ (θmax) and θ = ∼ + 52.5◦ ±
180◦ (θmin), respectively, and 3) a range of angles for the
small values of H‖ are at the angles around the middle
between the a and c axes in the ac-plane [i.e., at θ =
∼ (50 ± 30)◦] (the minimum is 7.5◦ closer to the a-axis
than to the c-axis). In order words, at the angles closer to
the a-axis (45◦ < θ ≤ 90◦), the value of H‖ is essentially
negligible, and there is no axial symmetry (in terms of a
dipolar field) for H‖, either, observing from the Li site.
III. RESULT OF THE 7LI-NMR
EXPERIMENTAL OBSERVATIONS
Figure 7 shows the result of the measured 7Li-NMR
spectra of Li0.9Mo6O17, with B0 = 9 T applied ⊥ b ∼
along the lattice a-axis, φ= 0◦ and θ = 90◦, at two typical
temperatures T = 275 K and 6 K, plotted as the spectrum
absorption versus frequency shift (a shift from the NMR
Larmor frequency ν0 =
7γIB0 = 148.95 × 103 kHz here,
where 7γI = 16.547 MHz/T is the gyromagnetic ratio of
the 7Li nucleus). The details for the measurements will
ber published elsewhere39.
For comparison, the spectra are normalized to be 1
in a standard way for the intensity of the central line
and shifted on top of each other. Since 7Li is a spin
I = 3/2 nucleus, theoretically, each 7Li-NMR spectrum
is expected to have a central line plus two symmetric
quadrupolar satellites due to the 7Li nucleus spin quan-
tum m = + 1/2 ↔ − 1/2 (central) and ± 3/2 ↔ ± 1/2
(satellites) transitions, respectively. This is exactly what
we experimentally see here, verifying that all the Li sites
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FIG. 7: (color online) Measured 7Li-NMR spectra of
Li0.9Mo6O17, with B0 = 9 T ⊥ b (i.e., φ = 0
◦) and ∼ along the
lattice a-axis (i.e., θ = 90◦) at temperature T = 275 K (upper
red curve) and 6 K (lower blue curve). For comparison, the
spectra are normalized and shifted on top of each other as in-
dicated by the dashed line at the center (black color). Note,
that the satellite peaks are lightly closer to the central line
at 6 K than at 275 K is caused39 by a ∼ ± 1◦ angle change
(∆θ) due to the NMR sample probe thermal contraction upon
cooling, with an extremely high sensitivity of the 7Li-NMR
quadrupole frequency at B0 || a.
are structurally equivalent with a high quality sample
being used39.
Figure 7 shows that the width of the 7Li-NMR spec-
trum central line, more precisely, the full width half max-
imum (FWHM) of the central linewidth, has negligible
change over a wide range of temperature from T = 275
K to T = 6 K, with a value of ∼ 0.6 kHz, including at
the “metal-insulator” crossover temperature TMI = 24
K, i.e., there is no observable inhomogeneous magnetic
broadening over a wide range of temperature (upon cool-
ing from 275 K to 6 K), while during which range the
sample magnetic susceptibility χDC(T ) has a change of
∼ 2 times. This spectrum data indicates that the distri-
bution of the local magnetic field parallel to B0 has no
change.
Since the field distribution is proportional28,29 to
the sample dc magnetic susceptibility χDC(T ) and the
strength of the dipolar coupling between the 7Li nucleus
and the Mo electrons H||/M (B
dip
|| ), which is the major
source of the local magnetic field at the 7Li nucleus (see
Sect. IV Discussion for details), this experimental spec-
trum data demonstrates that the value of H||/M (B
dip
|| )
is very small for B0 ‖ a (φ = 0◦ and θ = 90◦) at the Li
site, agreeing with the result of the theoretical calcula-
tions (Fig. 6).
This observation is further confirmed by our 7Li-NMR
spectra versus angle data,39 for example, the correspond-
ingly case at φ = 0◦ and θ = − 20◦ or + 142.5◦, where
the value of Bdip|| is relatively large or has a maximum
(near B0 ‖ c), is very different (not shown here).
On the other hand, a NMR spectrum line can have a
mixture of many different sources of local electric and/or
magnetic field contributions (Sect. IV D). According to
the NMR theory28,29, the satellites and the central line
of the 7Li-NMR spectra have completely different ori-
gins: the central line is magnetic, due to the contribu-
tion of the nuclear spin interaction with the surrounding
electron spins and other sources of the local magnetic
fields, while the satellites are quadrupolar, coming from
the contribution of the nuclear quadrupole moment inter-
action with the electric field gradient (EFG) due to the
charges of the surrounding electrons (Mo electron charge
contribution), i.e., the satellites are non-magnetic. Note,
the quadrupolar interaction contribution (electric) to the
central line is in the second order, thus having a negligi-
ble effect to the central line (non-electric). But its con-
tribution to the satellites is in the first order, which is
dominant (electric).
However, a satellite can be both electronically and
magnetically broadened. Thus, in terms of judging the
charge contributions by an NMR spectrum satellite, it
is important to separate or minimize any potential mag-
netic contributions in any way possible. That is exactly
why we have the 7Li-NMR spectrum measurements at
the direction ∼ along the a-axis (Fig. 7), where the mag-
netic dipole field has ∼ the smallest values (Fig. 6).
Therefore, from the fact that Fig. 7 also shows that the
satellites of the 7Li-NMR spectra including their FWHM
width (the distribution of the EFG) have no changes,
upon cooling in temperature, during which process the
magnetic dipole field contributions to the satellites at
θ = 90◦ is minimized (close to zero), we can see that
there is no appearance of any charge effect anomaly dur-
ing the cooling process, thus suggesting that the “metal-
insulator” crossover at TMI = 24 K is not a charge effect.
IV. DISCUSSION
In this section, we have discussions regarding the para-
magnetic electron model used in the above calculations,
the Pauli spin susceptibility (χs) of the Mo electrons, the
value of Bdip|| in Gauss (G) [at B0 = 9 T , for example],
the major sources of the local magnetic fields at the Li
site, and possible effective magnetic dipole moment (µeff)
of the Mo electrons.
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A. Paramagnetic electron model used in the
calculation
In Sect. II, the magnetic dipole field in the quasi-one-
dimensional (Q1D) paramagnetic conductor Li0.9Mo6O17
is calculated when a single crystal sample is exposed to
an externally applied magnetic field (B0), using a para-
magnetic electron model.
The method involves a summation of the magnetic
dipole fields from the average of the individual magnetic
dipole moments of the electron spins in the crystal lat-
tice in component forms, each of which converges with
the increase of the number (up to 100) of the unit cells
to be included, within a spherical distance centering at
the observation atom (or nucleus) site. It also involves a
general matrix transform corresponding to a fixed set-up
of the Cartesian x, y, and z axes relative to the a, b,
and c axes of the crystal lattice in the lattice coordinate
system that can always be made.
Here we would like to point out that, in the paramag-
netic electron model used for the above calculation, pos-
sible differences of the electron moments among the six
independent Mo sites in the structure are not considered.
Instead, we use their average magnetic dipole moments
as reflected by the magnetization M or magnetic suscep-
tibility χ [Eqs. (5) - (6)]. We also neglect the individual
electron interactions among the Mo electrons. Note, the
interaction could polarize the electron dipole moments,
which could also be reflected by the susceptibility data χ
(see Sect. IV B).
Even so, it is still worthwhile to notice the possible
difference in the electron moments and potential elec-
tron interactions, especially considering that some of the
Mo electrons may not be equally conducting (or not con-
ducting) according to their positions in the crystal lat-
tice. In fact, along the a-axis in the crystal structure
there are stacking layers (in the bc-plane) of Mo4 octahe-
dra separated by Mo4 tetrahedra and the Li ions
9,16, and
along the b-axis there is a double zig-zag Mo1-O-Mo4-O
chain9,16,40. Each chain involves only 2 (i.e., Mo1 and
Mo4) out of 6 independent Mo sites (Mo1, Mo2,..., Mo6)
that are believed20,40,41 to have the electrons being the
most conducting (conduction electrons), above the mys-
terious metal-insulator cross-over temperature at TMI =
24 K4,17. But below TMI there is a gradual dimensional
crossover13 and finally Li0.9Mo6O17 becomes a 3D super-
conductor at T ≤ 2.2 K upon cooling in temperature with
B0 = 0 or 0 < B0 < Hc2 (upper critical field)
10,15.
However, there is no clear evidence of anisotropy in the
dc magnetic susceptibility (χDC) which could reflect the
difference in the electron moments and spin polarizations
in Li0.9Mo6O17, as the difference between the axial values
of χDC that Matsuda et al. showed
19 is actually rather
small, which is very different from the high anisotropy
character10,41 in its electrical properties.
B. Pauli spin susceptibility (χs) of the Mo electrons
It is well-known that the Pauli spin (paramagnetic)
susceptibility χs comes from the contributions of the
conduction electron spin moments only,42 and the dc
magnetic susceptibility (χDC) has a general expression
as χDC(T ) = χdia + χs(T ) + χorb + χother(T ), where
χdia and χorb are T -independent diamagnetic susceptibil-
ity and orbital susceptibility, respectively, and χother(T )
comes from other sources, including the localized electron
moments, lattice imperfection and/or impurities which
could be also part of a Curie/Curie-Weiss paramagnetic
contribution term and become dominant at low T .
The dc magnetic susceptibility (χDC) measurements in
Li0.9Mo6O17 show that
17,43
χDC =
C
T + θD
+ χ01, (T < 100K), (20)
and χDC ≈ (0.30− 0.40)× 10−4 (cm3/mol.FU),
(100K ≤ T ≤ 300K), (21)
i.e., it has a Curie-Weiss susceptibility term appears at
low temperatures (T < 100 K), where the Curie-Weiss
constant C = (7.8 ± 0.2) ×10−4 cm3·K/mol.FU (note,
FU≡ formula unit), θD = (6.1 ± 0,2) K, and χ01 = (0.181
± 0.005) × 10−4 cm3/mol.FU. In the higt T regime
(T ≥ 100 K), χDC has a value from ∼ 0.40 × 10−4
cm3/mol.FU at 300 K to ∼ 0.30 × 10−4 cm3/mol.FU
at 100 K [Eq. (21)], i.e., it slowly decreases with a
very weak T -dependence (close to linear here) upon cool-
ing as expected for a quasi-1D conductor, where the T -
dependence could have a contribution from the Pauli spin
susceptibility χs(T ) (note, χs has T -dependence for a 1D
or 3D conductor)44.
From the diamagnetism of the ions, we have χdia
= −2.62 × 10−4 cm3/mol.FU, and according to the
estimate19 by Matsuda et al., χorb ≈ 2.0 × 10−4
cm3/mol.FU. But it seems impractical to have further
separations among the susceptibility data.
Most recent specific heat measurement18 resulted in
χs(T ) at T → 0 K as, χs(0) = 3.0 × 10−6, i.e., 0.50
× 10−4 cm3/mol.FU (a factor with the molar density
ρ = 0.0595 mol/cm3 for Li0.9Mo6O17), using the mea-
sured Sommerfeld constant γS = 1.6 mJ/mol.K
2 and
the assumption of the Sommerfeld-Wilson ratio18,27 R ≡
4π2k2Bχs(0)/[3(gµB)
2γS ] = 2, which applies for strongly
correlated electrons and/or systems with repulsive inter-
actions (here µB is the Bohr magneton, kB is the Boltz-
mann constant and g is the Lande g-factor). Thus based
on the measured values of χDC(T ) [Eqs. (20)-(21)], we
can also estimate the value of χs(T ) at T = 300 K, χs(300
K) ≈ 3.6 × 10−6, i.e. 0.60 × 10−4 cm3/mol.FU.
Noticeably, χs is just slightly larger than the high tem-
perature value of χDC. This is due to the cancellation of
the orbital susceptibility χorb with the diamagnetic sus-
ceptibility χdia, both of which are ∼ (5 − 6) times larger
than the high temperature value of χDC.
Now, with the value of χs(0) we can find the density of
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state (DOS) D(EF ) at the Fermi energy (EF ) level
36,44,
D(EF ) = χs(0)/µ
2
B ≈ 1.5 (state/eV.FU), (22)
≈ 0.25 (state/eV.ion).
This value is close to the result obtained from the specific
heat measurements, which is D(EF ) = 3γSNe/(π
2k2B) ≈
0.68 (state/eV.ion), where N is the number of ions per
unit cell, and e is the electron charge42.
Correspondingly, the value of EF (at T → 0) is44
EF = d/[2D(EF )] ≈ 6.0 (eV ), (23)
where d is the dimension for the conduction electrons.
Here we had d = 3 for Li0.9Mo6O17 as it becomes a 3D
conductor (superconductor) at T → 0 K; both Eq. (22)
and (23) are for 3D (not 1D) electrons. In comparison,
this value of EF is slightly smaller than that of the free
Cu electrons which has a value42 of EF = 7.8 eV.
C. Value of Bdip
||
in Gauss (G) at B0 = 9 T
Considering the unit (arbitrary) of H||/M shown in
Figs. 5 - 6 and the Eqs. (6) - (10), we can have a conve-
nient expression for Bdip|| as
Bdip|| =
µ0
4π
χB0 · (H||/M) . (24)
Similar expressions can also be used for the dipolar field
magnitude B and the values of the corresponding axial
components Bx, Bx and Bx ( ~B = µ0 ~H), where the unit
of ~B is in Gauss (G) or tesla (T) (1 T = 104 G).
For example, at B0 = 9 T with its direction angles φ
= 0◦ and θ = 142.5◦, using the value of H||/M = 0.24
shown in Fig. 6 and the value of χs(300 K) ≈ 0.6 × 10−4
cm3/mol.FU, equation (24) gives Bdip|| ≈ 0.35 G. This is
the maximum (anisotropic) magnetic dipole field at the
Li site that comes from the Mo-electron paramagnetic
spins (magnetic dipole moments) in Li0.9Mo6O17.
D. Major sources of the local magnetic fields at
the Li site
The Hamiltonian (HI) of the system for the
7Li-NMR
in Li0.9Mo6O17 can be expressed as
28
HI = HIZ+HII+H
Q
Ie+H
dip
Ie +H
contact
Ie +H
demag+HLor,
(25)
where HIZ is the Zeeman Hamiltonian of the
7Li nu-
cleus in B0, HII is the
7Li-7Li nuclear dipolar interaction
Hamiltonian, HQIe is the Hamiltonian of the
7Li nuclear
quadrupole interaction with the surrounding charges of
the Mo electrons, HdipIe and H
contact
Ie are the anisotropic
dipolar hyperfine coupling and isotropic contact hyper-
fine to the Mo electron spins, respectively, and the last
two terms, Hdem and HLor, are the bulk demagnetiza-
tion and Lorentz contributions, respectively28,30. Except
for the first term HIZ which is for the Zeeman splitting
of the 7Li nucleus’s spin interaction with B0, all of these
terms contribute to the local magnetic or electric field at
the Li site, contribute to the 7Li-NMR spectra and cause
the NMR frequency shifts.
Noticeably, among these terms, only HQIe is non-
magnetic28,29; it has the first order (dominant) contri-
bution to the local electric field (including the electric
field distributions) at the 7Li sites, which can be fully
reflected by the 7Li-NMR spectrum satellites.
Thus, by measuring the 7Li-NMR spectra and observ-
ing any potential changes of the spectrum satellites at the
direction where the magnetic contributions (from the to-
tal of all the rest of the magnetic terms) to the satellites
are minimized or zero, we can tell the behavior of the
charges of the Mo conduction electrons precisely at the
atomic scale, which is one of the major significances of
this study.
Because the 7Li nucleus has a small atomic number Z
= 3, it is expected29 that its contact hyperfine couplings
to the Mo electrons (HcontactIe ) is negligible. Thus, the
system Hamiltonian can be re-written as
HI ≈ HIZ +HII +HQIe +HdipIe +Hdem +HLor. (26)
The term HII has a local magnetic field contribution
(BII) in the order of
7µI/r
3, i.e., BII ∼ 7µI/r3, where
7µI is the spin moment of the
7Li nucleus, and r is the
distance between neighboring 7Li nuclei. Considering the
value of 7µI =
7γI h¯I (h¯ is the Planck’s constant) and the
minimum value of r = 3.939 A˚ as well as the positions
of 7Li in the crystal lattice, we have a rough estimate on
BII , which has an upper limit of ∼ 0.2 G.
Since BII is independent of temperature and unrelated
to the Mo electron spins, it has no contribution to any
potential line broadening of the 7Li-NMR spectra. Thus,
our interest is in the last three terms, HdipIe , H
dem, and
HLor, which are the terms related to the Mo electron
spin dynamics and the local magnetic field properties at
the Li site (again the term HQIe contributes to the local
electric field only).
In above Section IV C, we have estimated that at B0 =
9 T along the lattice a-axis direction (θ = 90◦), HdipIe has
a dipolar field contribution Bdip|| ≈ 0.35 G at T = 300 K.
Now, we can estimate the magnetic field contributions of
Hdemag and HLor as30, Bdemag = − 4π ·D ·χDC(T )/(NA ·
υMo), and B
Lor = + 4π/3 · χDC(T )/(NA · υMo), respec-
tively, where D ≈ 0.45 is the estimated demagnetization
factor along the a-axis according to the sample size, NA
is the Avogadro’s number, and υMo = 669.5/24 A˚
3 is the
unit cell volume per Mo ion (Table I). Thus, with the
value of χDC(T ) ≈ 0.4 ×10−4 cm3/mol.FU (at T = 300
K) we have30
Bdemag +BLor = 4π · (1
3
−D) · χDC(T )
NA · υMo , (27)
≈ − 0.05 (G).
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Therefore, the dipolar field of the Mo electron spins,
i.e. the contribution of Hamiltonian HdipIe (field B
dip
|| ), is
the dominant source of the local magnetic fields including
the field dynamics at the Li site (Bdip|| > |Bdemag| and/or
BLor, and Bdip|| > BII). B
demag and BLor together here
contribute little to the total local magnetic field at the Li
site due to the very small value of χDC of the material,
as evidence by the measured 7Li-NMR spectrum data
(Fig. 7) (they have negligible impact on the spectra as
the temperature varies).
Note that any interaction among the Mo electrons in
the crystal lattice will affect the polarization of the Mo
electron spins, thereby modifying the dipolar field at the
Li site from the Mo ions.
E. Possible effective magnetic dipole moment (µeff)
of the Mo electrons
There are important studies45 regarding how to obtain
the possible effective magnetic dipole moment (µeff) of
the conduction electrons as described in Ref. [45]. Simi-
lar method was used recently in Ref. [46], which supposes
that the value of µeff is proportional to the spin suscep-
tibility χs (both µeff and χs can be T -dependent)
46,
µeff(T ) =
µeff(Tref)
χrefs (Tref)
χs(T ), (T > Tref) (28)
where Tref is the reference temperature low or high
enough to obtain the local moment (a matrix element
with a T -dependent susceptibility45), and χrefs (Tref) and
µeff(Tref) are the spin susceptibility and local moment
(effective moment) at Tref, respectively.
For Li0.9Mo6O17 we choose Tref = 100 K, the highest
temperature at which the Curie-Weiss type paramagnetic
susceptibility applies here [Eq. (20)] [note, above 100
K it is the Eq. (21) that describes the susceptibility].
Since χeff(Tref = 100 K) ≈ 0.53 × 10−4 cm3/mol.FU,
χeff(T = 300K) ≈ 0.60 × 10−4 cm3/mol.FU, and from
the Curie-Weiss constant C ≈ 7.8 × 10−4 cm3·K/mol.FU
(Section IV B) we have µeff(Tref = 100 K) = 2.82
√
C ≈
0.08 µB/FU = 0.08 µB/(6 Mo ions) ≈ 0.013 µB per Mo-
ion, equation (28) gives µeff(T = 300 K) ≈ 0.015 µB per
Mo-ion, as a possible effective magnetic dipole moment
of the Mo electrons.
This value µeff is ∼ 100 times smaller than that of a
spin S = 1/2 free electron, which has a magnetic dipole
moment µfree =
√
4S(S + 1) µB = 1.73 µB. The cause
for this very small value of µeff for the Mo electrons in
Li0.9Mo6O17 is not clear
17. On the other hand, any mag-
netic or non-magnetic impurities could also contribute to
a local moment (especially at low temperatures)46,47, but
there has been no evidence to show that the low temper-
ature Curie-Weiss susceptibility term [Eq. (20)] is from
any magnetic or non-magnetic impurities, while there is
no lattice imperfection here.
V. CONCLUSIONS
The magnetic dipole field at the atomic scale in a sin-
gle crystal of quasi-one-dimensional (Q1D) paramagnetic
conductor Li0.9Mo6O17 is investigated both theoretically
and experimentally, using a paramagnetic electron model
and 7Li-NMR spectroscopy measurements with an exter-
nally applied magnetic field B0 = 9 T. The method is de-
scribed in a general form and the field in the Li0.9Mo6O17
is calculated as a function of the orientation angles (θ
and φ) of B0 in space, with experimental observations &
demonstrations.
We find that the magnetic dipole field component Bdip||
parallel to B0 has no lattice axial symmetry; it is the
smallest around the middle between the lattice a and c
axes, with the central minimum to be 7.5◦ closer to the
a than to the c axis in the ac-plane, while the maximum
of Bdip|| is 51.9
◦ from the a-axis on the other side (in the
same ac-plane), with a maximum value ∼ 0.35 G when
B0 = 9 T ⊥ b. The Mo ions could have a very small
effective magnetic dipole moment µeff of 0.015 µB.
By minimizing potential magnetic contributions to the
7Li-NMR spectrum satellites with the NMR spectroscopy
measurements at the direction where the value of the
magnetic dipole field is ∼ the smallest (∼ B0 ‖ a; θ
= 90◦ and φ = 0◦), the behavior of the independent
charge contributions is observed: there is no 7Li-NMR
spectrum satellite line broadening, i.e, no change in the
charge distribution (including the value of EFG) from the
Mo conduction electrons upon cooling over a wide range
of temperatures.
Other related important physics quantities such as the
spin susceptibility χs, DOSD(EF ), and the Fermi energy
EF of the Mo electrons are also discussed.
This investigation demonstrates that the magnetic
dipole field from the Mo electrons is the dominant source
of the local magnetic fields at the Li site, and by the mea-
surements of the 7Li-NMR spectra at the direction where
the value of the magnetic dipole field is ∼ the smallest,
we are able to observe the behavior of the charge con-
tributions of the Mo conduction electrons directly at the
atomic scale. This investigation suggests that the myste-
rious “metal-insulator” crossover at low temperatures is
fundamentally not a charge effect. The work also reveals
valuable local field information for further NMR investi-
gation as recently suggested to be key important to the
understanding of many mysterious properties of this Q1D
material.
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